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Peptidoglycan Synthesis Machinery in Agrobacterium tumefaciens 
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ABSTRACT The synthesis of peptidoglycan (PG) in bacteria is a crucial process controlling cell shape and vitality. In contrast to 
bacteria such as Escherichia coli that grow by dispersed lateral insertion of PG, little is known of the processes that direct polar 
PG synthesis in other bacteria such as the Rhizobiales. To better understand polar growth in the Rhizobiales Agrobacterium tu- 
mefaciens, we first surveyed its genome to identify homologs of (-70) well-known PG synthesis components. Since most of the 
canonical cell elongation components are absent from A. tumefaciens, we made fluorescent protein fusions to other putative PG 
synthesis components to assay their subcellular localization patterns. The cell division scaffolds FtsZ and FtsA, PBPla, and a 
Rhizobiales- and Rhodobacterales-specific L,D-transpeptidase (LDT) all associate with the elongating cell pole. All four proteins 
also localize to the septum during cell division. Examination of the dimensions of growing cells revealed that new cell compart- 
ments gradually increase in width as they grow in length. This increase in cell width is coincident with an expanded region of 
LDT-mediated PG synthesis activity, as measured directly through incorporation of exogenous D-amino acids. Thus, unipolar 
growth in the Rhizobiales is surprisingly dynamic and represents a significant departure from the canonical growth mechanism 
of E. coli and other well-studied bacilli. 

IMPORTANCE Many rod-shaped bacteria, including pathogens such as Brucella and Mycobacterium, grow by adding new material 
to their cell poles, and yet the proteins and mechanisms contributing to this process are not yet well defined. The polarly growing 
plant pathogen Agrobacterium tumefaciens was used as a model bacterium to explore these polar growth mechanisms. The re- 
sults obtained indicate that polar growth in this organism is facilitated by repurposed cell division components and an otherwise 
obscure class of alternative peptidoglycan transpeptidases (L,D-transpeptidases). This growth results in dynamically changing 
cell widths as the poles expand to maturity and contrasts with the tightly regulated cell widths characteristic of canonical rod- 
shaped growth. Furthermore, the abundance and/or activity of L,D-transpeptidases appears to associate with polar growth strate- 
gies, suggesting that these enzymes may serve as attractive targets for specifically inhibiting growth of Rhizobiales, Actinomyce- 
tales, and other polarly growing bacterial pathogens. 
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Peptidoglycan (PG) is a fundamental feature of nearly all bac- 
teria and plays a primary role in maintaining cell integrity and 
cell shape. The PG layer is an interconnected mesh in the bacterial 
cell envelope, and, when isolated intact from a cell, the sacculus it 
forms retains the overall, albeit deflated, shape of the original cell. 
PG is composed of glycan strands covalently bonded by short, 
periodic peptide cross-links. In bacilli, the glycan strands run 
roughly perpendicularly to the long axis of the cell, with peptide 
cross-links arranged in parallel to the cell axis (1-4). This archi- 
tecture allows bacteria to withstand significant osmotic pressure, 
and thicker cell walls confer greater resistance: typical Gram- 
negative strains can withstand ~2 to ~5 atm, whereas Gram- 
positive strains with thicker cell walls can withstand upward of 
20 atm (5, 6). 

To grow and divide, bacteria must enlarge and remodel this PG 
mesh. For cell division, most bacteria in which this has been stud- 



ied share the same strategy: PG is synthesized at the midcell in a 
decreasing diameter until the cell is completely bisected and two 
separate cells are formed (7). In Escherichia coli, septal PG synthe- 
sis is conducted by a divisome consisting of the transpeptidase 
PBP3, the transglycosylase/transpeptidase PBPlb, various PG- 
remodeling enzymes, and an assortment of regulatory and struc- 
tural proteins (8). These components are all organized along a 
large scaffolding ring formed by the tubulin homolog FtsZ, and 
contraction of this ring provides the force that propels the division 
process (9-11). In most bacteria, FtsZ is thought to be anchored to 
the cytoplasmic membrane by FtsA. 

While bacteria employ a variety of strategies to expand their 
cell wall prior to division, in general, new PG is inserted either in a 
laterally dispersed fashion along the cell length or at specific land- 
marks such as the cell pole(s) (12). The most popular bacterial 
model systems, including E. coli, Bacillus subtilis, and Caulobacter 
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crescentus, utilize the laterally dispersed mode of PG insertion, 
leading to a substantial body of research and understanding of this 
type of cell elongation. In E. coli, lateral PG synthesis is conducted 
by an elongasome consisting primarily of the transpeptidase PBP2 
and the transglycosylase/transpeptidase PBPla plus several acces- 
sory proteins. These are likely organized by short filaments of the 
actin homolog MreB and associated structural proteins (13, 14). 

In contrast, relatively little is known about the components 
and processes that facilitate polar growth even though this growth 
strategy is utilized by several orders of bacteria, notably, the Acti- 
nomycetales and the Rhizobiales, and sporadically among other 
bacterial species (12, 15-17). Polar growth in the Gram-negative 
Rhizobiales has only recently been explored, and unlike the Acti- 
nomycetales, the Rhizobiales grow only from one pole. Although 
unipolar growth produces new and old cells that are roughly 
equivalent in size after division, some asymmetries are present; for 
example, the old poles of Agrobacterium tumefaciens can produce 
a holdfast (16). Members of the Rhizobiales also lack the lateral PG 
synthesis scaffold MreB and other related proteins such as MreC, 
MreD, RodA, and RodZ that are essential in the well-studied 
model systems mentioned above (12, 18, 19). However, the cell 
division proteins FtsA and FtsZ both localize to the growth pole 
and the septum in A. tumefaciens, suggesting that these well- 
known cell division components may also participate in polar 
growth (20). 

Here we investigated whether other classical divisome-specific 
PG synthesis components might also localize to the growth pole in 
A. tumefaciens. Surprisingly, FtsZ and FtsA were the only cell di- 
vision components to exhibit robust localization to the growth 
pole. Several penicillin binding proteins (PBPs) with d,d- 
transpeptidase (DDT) activity exhibited only transient polar lo- 
calization. However, A. tumefaciens and other Rhizobiales are en- 
riched in genes encoding L,D-transpeptidases (LDTs), one of 
which showed strong localization to the growing pole. Finally, the 
area of PG synthesis activity at the polar tip gradually expanded 
distally as cells elongated such that most of the new cell compart- 
ment was engaged in PG synthesis. This expanded activity ap- 
peared concomitantly with an increase in the width of the entire 
new cell compartment and resulted in old and new cell compart- 
ments with approximately equivalent lengths and widths just 
prior to cell division. 

RESULTS 

Agrobacterium lacks the rod-shaped cell elongation machinery. 

To understand the molecular components responsible for polar 
growth in A. tumefaciens, the genome of the wild-type strain C58 
was first examined for homologs of the well-studied cell elonga- 
tion machinery of C. crescentus and E. coli. Although an earlier 
search in A. tumefaciens failed to find homologs to the canonical 
cell elongation scaffold proteins MreB, MreC, MreD, RodA, and 
RodZ ( 19), we took advantage of updated sequence databases and 
improved tools to reexamine the genome; no additional homologs 
of these proteins were identified in our search. However, this re- 
sult prompted us to perform an exhaustive bioinformatics search 
through the A. tumefaciens genome for all types of proteins report- 
edly involved in bacterial cell growth; a survey of over 70 of these 
proteins is presented in Table SI in the supplemental material. 

Our bioinformatics analyses revealed clear or likely homologs 
of the highly conserved cytoplasmic PG precursor synthesis ma- 
chinery, most cell division components, and a suite of carboxy- 



and endopeptidases, lytic transglycosylases, and amidases. Most 
notably, an unusual enrichment in putative L,D-transpeptidase 
enzymes, three copies of FtsZ (20), and two copies each of PBP3, 
PBPlb, and FtsK were found. In further support of the interpre- 
tation that polar elongation utilizes a novel pathway, we found no 
homologs of the cell elongation-specific transpeptidase PBP2. Of 
all the canonical cell elongation components, only the transglyco- 
sylase/transpeptidase PBPla remained present in A. tumefaciens. 

Further phylogenetic analyses of the homologs of PBP1, PBP2, 
and PBP3 (PBP1/2/3) of A. tumefaciens compared to homologs in 
related Proteobacteria supported our interpretation of a duplica- 
tion of PBP3 and PBPlb, the presence of PBPla and PBPlc, and 
the absence of PBP2 (see Fig. SI and S2 in the supplemental ma- 
terial). Surprisingly, the presumed PBPlb of A. tumefaciens and 
other Alphaproteobacteria formed a distinct clade that was para- 
phyletic with PBPlb of E. coli. Within the Alphaproteobacteria, 
these proteins form a third major clade beside PBPla and PBPlc 
and are therefore referred to here as PBPlb. 

FtsZ and FtsA likely contribute to polar growth. Since A. tu- 
mefaciens lacks the expected cell elongation machinery, the polar 
growth process is likely mediated by some combination of cell 
division components and novel proteins. To investigate this hy- 
pothesis, we first focused on localizing two important cell division 
scaffolding proteins: the actin homolog FtsA and the tubulin ho- 
molog FtsZ. Our previous studies monitored snapshots of cells at 
different stages of the cell cycle and revealed that FtsA-green flu- 
orescent protein (FtsA-GFP) and FtsZ-GFP localize both to the 
cell pole during polar growth and to the midcell during cell divi- 
sion. Since FtsZ localization appeared more variable than FtsA 
localization, here we asked to what degree their localization is 
coordinated over the cell cycle and whether they sometimes have 
distinct localization patterns or potentially independent roles. 

To this end, we performed a quantitative study of FtsA-GFP 
and FtsZ-GFP localization over the cell cycle. Whole-cell fluores- 
cence profiles of unsynchronized cells were represented as demo- 
graphs to reveal population-level trends in protein localization at 
various cell lengths (21, 22). Demographs are an ideal approach 
for examining the localization of cell division proteins such as 
FtsZ, since their behavior is closely tied to cell geometry rather 
than cell age (23-25). To construct demographs, fluorescent pro- 
files of several hundred cells were collected and graphed as single 
lines stacked according to cell length, using a custom R script (see 
Materials and Methods). Given sufficient sampling, such a graph 
will roughly represent progression through the cell cycle, using 
cell length as a proxy for elapsed time. Since the shortest (new) 
cells are at the top and the longest (dividing) cells are at the bot- 
tom, the relative timings of cell cycle-dependent localization can 
be inferred from this ordered distribution of cell lengths. To orient 
old versus new poles for the demographs presented here, we used 
FM4-64, a lipophilic dye that preferentially labels old poles in 
A. tumefaciens (20). As shown in Fig. 1A, FtsZ-GFP progressed 
through three overall localization patterns: an initial polar local- 
ization, a mix of lateral and diminishing polar foci, and, finally, 
intense midcell localization. 

In contrast, the FtsA-GFP demograph (Fig. IB) shows that 
FtsA-GFP remained exclusively at the growth pole until just prior 
to cell division. Comparison of the FtsA-GFP and FtsZ-GFP de- 
mographs revealed that FtsA-GFP consistently remained at the 
growth pole during the times when FtsZ-GFP localized to numer- 
ous sites throughout the cell and at cell poles. Once FtsZ-GFP 
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distance from midcell (urn) distance from midcell (|jm) 

FIG 1 FtsZ and FtsA colocalize to the growth pole over most of the cell cycle but exhibit different timings in the transition to midcell localization. (A and B) 
(Upper panels) Examples of cells labeled with FM4-64 expressing either FtsZ-GFP (A) or FtsA-GFP (B). FM4-64 most intensely labeled the old pole opposite the 
FtsZ and FtsA fluorescent foci. (Lower panels) Demographs of cells expressing either FtsZ-GFP or FtsA-GFP. Arrows indicate a transition to consistent midcell 
localization. Demographs are oriented with the growing pole on the right, using FM4-64 old pole labeling as a reference. 



localized to the midcell in longer cells (representing the latter 
stages of the cell cycle), it no longer localized to the poles or other 
locations in the cell. In contrast, FtsA-GFP localized briefly to both 
the pole and the midcell as cells transitioned to septal growth. 
Furthermore, FtsZ-GFP appeared at the midcell before FtsA-GFP 
(black arrows, Fig. 1 ) . Given an ~95-min doubling time for A. tu- 
mefaciens, FtsZ-GFP localized to the midcell 9 to 10 min before 
FtsA-GFP. The longest 15% of cells showed similar midcell local- 
izations of both FtsA-GFP and FtsZ-GFP just prior to cell division. 
Finally, these results are consistent with our previous time-lapse 
data for FtsA-GFP (20) and demonstrate the validity of using de- 
mographs to examine the localization of as-yet-untested proteins 
through the cell cycle. 

Contributions of PBPs to polar growth. Given that the cell 
division scaffolding proteins FtsA and FtsZ both localize to the 
growth pole, we next investigated whether cell division PG syn- 
thesis proteins might also localize to the growth pole. To gain a 
global perspective of the localization of all A. tumefaciens PBPs, 
cells were treated briefly with BocillinFL, a fluorescent penicillin 
derivative commonly used for in vitro detection of PBPs. Bo- 
cillinFL treatment revealed weak but consistent polar labeling and 
stronger midcell labeling (Fig. 2A and B). Midcell BocillinFL la- 
beling occurred in the longest -25% of cells in a manner coinci- 
dent with the frequency and distribution of midcell localization of 
FtsZ-GFP (see Fig. 1A). The strong midcell labeling of BocillinFL 
provides support for our previous observation that treatment with 
carbenicillin, a penicillin derivative that targets DDTs, results in 
morphology defects at the midcell but does not affect the cell poles 
(20). These data together suggest that PBPs predominantly act at 
the midcell. To further test the role of PBPs in polar growth, we 
made fluorescent fusions to several of the A. tumefaciens PBPs. 

We hypothesized that A. tumefaciens may still utilize PBPla as 
a transglycosylase for polar elongation despite its lacking the cell 
elongation transpeptidase PBP2. Indeed, a citrine-PBPla fusion 
demonstrated a distinct preference for the growth pole over most 
of the cell cycle (see Fig. S3 A and B in the supplemental material), 
and PBPla likely accounts for some of the polar BocillinFL label- 



ing observed. Unlike FtsA-GFP or FtsZ-GFP, citrine-PBPla did 
not relocalize to the midcell until the final 5% to 10% of the cell 
cycle, suggesting that it is not needed to initiate cell division. 
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FIG 2 BocillinFL exhibits growth pole and midcell fluorescence. (A and B) 
Single cells (A) and demograph of cells labeled with BocillinFL (B). Midcell 
fluorescence is much more intense than growth pole fluorescence, suggesting 
that a minority of PBPs are involved in polar growth. The demograph is ori- 
ented with the growing pole on the right, using FM4-64 labeling of the old pole 
as a reference. 
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As noted above, A. tumefaciens has two PBP3 transpeptidases, 
referred to here as PBP3a (Atu2100) and PBP3b (Atul067). The 
gene encoding PBP3a is located adjacent to murE,ftsZ, and/fsA, in 
the same position as/fs/ (PBP3) in E. coli, while the gene for PBP3b 
is located elsewhere in the genome. To test if either copy of PBP3 
might serve as a transpeptidase for polar cell growth, citrine fu- 
sions for each protein were examined. Both proteins primarily 
localized at the septum in long cells, with occasional weak local- 
ization to the growth pole in shorter cells (see Fig. S3C and E in the 
supplemental material). Demographs revealed that citrine-PBP3a 
very rarely localized to the pole, whereas citrine-PBP3b exhibited 
polar localization through the first third of the cell cycle (Fig. S3D 
and F). However, a deletion of PBP3b had no apparent effect on 
the growth rate (Fig. S3G), suggesting that neither PBP3b nor its 
localization to the pole is an essential feature of polar growth. 

In summary, the weak polar labeling with BocillinFL, PBPla, 
and PBP3a/b suggests that PBP-type enzymes are not the major 
factors responsible for polar PG synthesis. Furthermore, neither 
PBP3a nor PBP3b remained at the cell poles for the majority of the 
cell cycle. Thus, we next searched for additional types of transpep- 
tidases that might be required for polar growth. 

L,D-Transpeptidases have a major role in polar growth. As 
noted above, A. tumefaciens and other members of the polarly 
growing Rhizobiales contain an unusual abundance of putative 
L,D-transpeptidase (LDT) proteins (see Table S2 in the supple- 
mental material), suggesting a possible link between LDTs and 
polar growth. Unlike the PBP2 and PBP3 D,D-transpeptidases 
(DDTs) that form 4,3-cross-links between D-alanine and m-Dap 
in two PG stem peptides, LDTs catalyze 3,3-cross-links directly 
between two m-Dap residues and are insensitive to most penicil- 
lins (see reference 26 for a review). More than 50% of the peptide 
cross-links in A. tumefaciens and the related Rhizobiales Sinorhi- 
zobium meliloti are 3,3-cross-links (16) compared to only 10% in 
E. coli (27). Given our DDT results discussed above, we asked 
instead if LDTs play a role in polar growth in A. tumefaciens. 

To understand how the LDTs of the Rhizobiales are related to 
those found in other bacteria, we constructed a phylogenetic tree 
of the LDTs from over forty bacterial species (see Fig. S4 in the 
supplemental material) primarily representing alphaproteobacte- 
rial strains and select representatives from other Proteobacteria 
and more-divergent species. Table S2 in the supplemental mate- 
rial lists the strains used to construct this tree. For clarity, a smaller 
tree of the LDTs from twelve Proteobacteria is presented in Fig. 3. 
In contrast with most of the bacteria examined, the LDTs of A. tu- 
mefaciens (Fig. 3, blue boxes) and other Rhizobiales are distributed 
throughout the tree and are particularly abundant within a few 
adjacent branches. Closer inspection revealed that these branches 
(Fig. 3, within green oval) are specifically composed of LDTs 
found in the two closely related orders of Rhizobiales and Rhodo- 
bacterales. The Rhizobiales strains examined typically include 
about five to eight LDTs in this group, or roughly half the total 
number of LDTs in each strain. 

A subset of the A. tumefaciens LDTs were selected for localiza- 
tion studies to sample the various phylogenetic branches and to 
test the LDTs that were most highly expressed in transcriptome 
studies (28). A C-terminal superfolding GFP (sfGFP) (29, 30) fu- 
sion to Atu0845, one of the Rhizobiales/Rhodobacterales-specific 
LDTs, exhibited a striking localization to the growth pole (Fig. 4). 
Furthermore, the intensity of the growth-pole-localized Atu0845- 
sfGFP appeared to increase gradually over the cell cycle (Fig. 4B; 




FIG 3 Unrooted phylogenetic tree of LDTs from representative Proteobacte- 
ria species. The green-shaded area highlights a clade composed only of mem- 
bers of the Rhizobiales and Rhodobacterales orders. The LDTs from A. tumefa- 
ciens (blue squares), C. crescentus (red stars), and E. coli (green triangles) are 
indicated on the tree. Branches are colored according to the taxonomic order 
of the strains: multiple orders (black), Rhizobiales (burgundy), Rhodobactera- 
les (orange), Sphingomonadales (brown), Caulobacterales (red), Rhodospiril- 
lales (pink), Neisseriales (turquoise), Pseudomonadales (yellow), Enterobacte- 
riales (green), and Campylobacter ales (purple). The results of a more extensive 
analysis are presented in Fig. S4 in the supplemental material. 

compare the poles of long cells to those of short cells) and re- 
mained at the growth pole despite the appearance of additional 
septal labeling just prior to cell division. This polar retention may 
explain the presence of the less intense fluorescence also visible at 
the old poles in many cells. Figure S5 in the supplemental material 
diagrams how such bipolar fluorescence could arise as cells divide. 

The other LDTs tested did not exhibit strong polar localization 
when fused to sfGFP. Instead, these LDTs tended to predomi- 
nantly localize to the midcell at cell division and then localize 
temporarily at the new pole in newly divided cells (see Fig. S6A to 
D in the supplemental material), as seen with the citrine-PBP3b 
fusion. One fusion, Atull64-sfGFP, localized heterogeneously 
along the membrane irrespective of the cell cycle or growth pole 
(see Fig. S6E). Atu0669-sfGFP, the other Rhizobiales/ Rhodobacte- 
rales clade representative, gained localization to the growth pole 
immediately prior to cell division (see red circle in Fig. S6B). The 
weaker and more diffuse localization of these four LDTs contrasts 
with the strong polar localization of Atu0845-sfGFP. 

Localization of PG synthesis activity. The above results indi- 
cate that PG synthesis enzymes and scaffolding proteins localize to 
the growth pole or midcell and, in the case of FtsZ, to multiple sites 
throughout A. tumefaciens, and yet it is not clear at which loca- 
tion^) PG synthesis is most active. To address this issue, we took 
advantage of the fact that many bacteria readily incorporate exog- 
enous D-amino acids into their PG (31, 32). Incorporation into 
existing PG is mediated either by DDTs, which exchange the ex- 
ogenous amino acid with the fifth D-alanine in the stem peptide, or 
by LDTs, which act on the fourth position D-alanine (32). In A. tu- 
mefaciens, mass spectrometry studies indicate that exogenous 
D-amino acid analogs are specifically incorporated into the fourth 
stem peptide position (33), suggesting the involvement of LDTs. 
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FIG 4 LDT Atu0845 localizes intensely to the growth pole. (A) Single cells expressing Atu0845-sfGFP and labeled with FM4-64. (B) Demograph of cells 
expressing Atu0845-sfGFP. Growth poles are oriented to the right, using FM4-64 old pole labeling as a reference. A model for the generation of Atu0845-sfGFP 
fluorescence at the old pole is presented in Fig. S5A in the supplemental material. 



To directly visualize where LDTs are most active, we grew cells 
with exogenously added alkyne-D-alanine (alkDala), a D-alanine 
analog that can readily be covalently linked in situ to an azido- 
fluorophore using a simple copper-catalyzed click chemistry pro- 
tocol (34). Fluorescence microscopy revealed that cells were la- 
beled at one pole or were labeled at the midcell in obviously 
constricting cells (Fig. 5A). Similar results were reported using 
azido-D-alanine and prelabeled fluorescent D-alanine probes in 
A. tumefaciens (33). 

Growth pole labeling of alkDala was confirmed using a pulse- 
chase with Texas red succinimidyl ester (TRSE). TRSE nonspecifi- 
cally labels surface proteins and is retained specifically with previ- 
ously synthesized cell material in A. tumefaciens (16). After 
incubation with TRSE, AlkDala labeling specifically targeted the 
regions of new growth that were unlabeled by TRSE (see Fig. S7A 
in the supplemental material). Additionally, fluorescent vanco- 
mycin, a commonly used probe for nascent PG, demonstrated the 
same labeling patterns (polar and midcell) as alkDala when com- 
bined with a TRSE chase (see Fig. S7B). Thus, alkDala exchange 
occurs in proximity to nascent PG synthesis. 



Unexpectedly, despite the fact that all of the cells were incu- 
bated with alkDala for the same length of time, the labeled region 
was noticeably larger in longer cells than in shorter cells (Fig. 5A). 
This change was quantified by measuring the length of the region 
of alkDala labeling from the growth pole to the point where the 
fluorescence labeling plateaued to cellular background intensities. 
In cells without midcell alkDala labeling (cells less than -3.0 /j,m 
in length), the size of the labeling region increased linearly in 
relation to cell length and roughly doubled in length as cells grew 
(red line, Fig. 5B). After the appearance of midcell labeling (cells 
greater than -3.0 fim in length), the ratio of labeling area to cell 
length appeared to increase at a slightly higher rate than before, 
perhaps reflecting additional septal PG synthesis activity (blue 
line, Fig. 5B). A demograph of these cells displays dramatically 
increased alkDala labeling along the length of the new cell com- 
partments prior to cell division (see Fig. S7C in the supplemental 
material). Thus, while the growth of the new pole appears to ini- 
tially concentrate at the polar tip, it expands to include participa- 
tion from most of the new cell compartment by the time of cell 
division. 




B 2.5- 




1.5 ZO 25 3S> ?5 
cell length (|jm) 



FIG 5 LDTs are active over an increasing area of the new cell compartment. (A) Individual cells were allowed to incorporate alkDala for 20 min. Shorter cells 
display a shorter region of labeling than longer cells; compare the labeling in cells 1 to 3. (B) Scatter plot of the length of the labeled region versus total cell length. 
The labeled region length increases linearly with cell length in cells before (red line) and after (blue line) the appearance of septal labeling in cells -3.0 jum in length 
and longer. Red and blue shaded areas indicate 95% confidence intervals. 
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FIG 6 New cell compartments increase in width as they grow in length. (A) 
Examples of whole-cell TEM images of exponentially growing A. tumefaciens. 
Note the slight indentation/constriction (see also black line in lower right 
panel) demarking the boundary between the old and new cell compartments. 
(Lower right panel) Lengths and widths of new cell compartments (red) were 
measured. (B) Scatter plot of compartment lengths and widths of new cell 
compartments. The shaded area indicates the 95% confidence interval. 



Polar growth involves expansion in cell width and length. 

The above results prompted us to examine the dimensions of 
A. tumefaciens over the cell cycle for evidence of growth that might 
correspond to the increased alkDala labeling area (Fig. 5B). New 
A. tumefaciens cell compartments frequently appeared to be nar- 
rower than their parent old cell compartments, even at the reso- 
lution afforded by light microscopy (see cells in Fig. 2A and C and 
4A). Such new cell compartments presumably must eventually 
increase in width to maintain cell diameters over successive gen- 
erations. However, it was not clear if this widening could be re- 
lated to the observed increase in alkDala labeling. 

To investigate changes in cell dimensions over the cell cycle, 
whole-cell transmission electron microscopy (TEM) was per- 
formed on mixed cultures of exponentially growing A. tumefa- 
ciens, and the lengths and widths of each new cell compartment 
were measured (Fig. 6A) . Much like the alkDala labeling, there was 
a linear relationship between the lengths and widths of new cell 
compartments (Fig. 6B). Thus, although new poles are initially 
narrower than their parent old cell compartments, new cell com- 
partments increase in both length and width as the cell matures. 



Furthermore, expansion of the new cell compartment corre- 
sponds to the increased area of alkDala labeling. 

DISCUSSION 

To better understand polar growth in the Rhizobiales, fluorescent 
fusions to predicted cell elongation and division components in 
A. tumefaciens were constructed. We refer to cell elongation and 
division proteins based on their canonical homologs in well- 
studied systems like E. coli. While the cell division scaffold pro- 
teins FtsZ and FtsA exhibited strong localization to the growth 
pole, the cell division-associated PBP3s did not. In contrast, the 
LDT Atu0845 displayed significant polar localization and may 
play a major role in polar growth. The latter finding is consistent 
with the unusual abundance of LDTs (see Fig. 3; see also Fig. S4 in 
the supplemental material) and LDT-mediated 3,3-cross-links in 
A. tumefaciens and other Rhizobiales (16). PBPla, the only canon- 
ical cell elongation protein in A. tumefaciens, also exhibited only 
modest polar localization. Finally, polar growth was found to in- 
volve substantial cell shape remodeling and LDT-mediated PG 
synthesis activity over the entire new cell compartment. 

A model of cell growth and division in A. tumefaciens is pre- 
sented in Fig. 7. Cell elongation involves several stages during 
which a new cell compartment emerges and increases in length 
and width as it matures. Initially, the scaffold proteins FtsA and 
FtsZ localize to the growing pole tip along with PBPla and LDT 
Atu0845. Over time, an increasing proportion of the new cell 
compartment engages in LDT-mediated PG synthesis activity 
(Fig. 7, red shading), implicating additional LDTs in this process. 
Prior to cell division, FtsZ leaves the growth pole before FtsA 
(Fig. 7), perhaps highlighting different functional roles for these 
proteins in polar growth. FtsZ, FtsA, PBPla, PBP3s, and LDTs all 
localize to the midcell during cell division. Once the cell divides, 
the former septum becomes the site of new polar growth, utilizing 
the assortment of proteins already localized to the new pole. 

In contrast to FtsZ of E. coli, FtsZ in A. tumefaciens appears to 
localize to the midcell prior to its membrane anchor FtsA (see 
Fig. 1). Similar results were reported for another alphaproteobac- 
terium, C. crescentus, where FtsA arrives -20 to -25 min after FtsZ 
(35, 36). It is possible that Alphaproteobacteria possess a second 
unidentified FtsZ membrane anchor that acts in the early stages of 
septal FtsZ localization. This would not be surprising, given that 
both FtsA and the Gammaproteobacteria-specific ZipA function as 
membrane anchors in E. coli (37). Alternatively, the extended 
C-terminal domain of alphaproteobacterial FtsZ could help facil- 
itate direct membrane interactions in the absence of an anchoring 
protein. 

Polar growth in the Rhizobiales may have coevolved with the 
large number of LDTs within this order. The phylogenetic clus- 
tering of Rhizobiales- and Rhodobacterales-spedfic LDTs is partic- 
ularly intriguing, since some members of Rhodobacterales also 
grow by budding. Unlike the Rhizobiales, the Rhodobacterales still 
retain MreB. However, MreB in Rhodobacter sphaeroides has atyp- 
ical localization to the midcell (38), suggesting that Rhodobactera- 
les may represent a growth strategy intermediate between the 
growth strategies of the polarly growing Rhizobiales and other Al- 
phaproteobacteria. The phylogenetically divergent LDTs shared by 
these orders could help enable polar and other atypical growth in 
these organisms. 

LDTs are also central components of the PG synthesis machin- 
ery in the Gram-positive, bipolarly growing Actinomycetales. 
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FIG 7 Model of A. tumefaciens cell growth dynamics and major protein localization over the cell cycle. The new cell compartment emerges from the new pole 
and gradually increases in length and width along with the region of active PG synthesis (red shading). FtsZ (blue "Z") and FtsA (green "A") localize to the growth 
pole along with PBPla and the LDT Atu0845. Prior to cell division, FtsZ relocalizes to the septum, where it is joined by PBP3s, FtsA, PBPla, and various LDTs 
for cell division. All these proteins remain at the division site and are ready to direct new cell polar growth in daughter cells. Square brackets illustrate the relative 
positions and lengths of regions of localization for LDTs and PBP1. 



LDT-mediated 3,3-cross-links represent 38% of the PG cross- 
links in Corynebacterium jeikeium (39), 30% of those in Mycobac- 
terium smegmatis (40), and 80% of those in Mycobacterium tuber- 
culosis grown to stationary phase (41). In contrast, 3,3-cross-links 
represent less than 10% of the total cross-links in E. coli PG (27), 
and strains deleted of the LDTs exhibit no growth defects (42). 
The apparent association between polar growth and LDTs is in- 
triguing and warrants future research to understand the nature of 
this relationship. 

Polar growth is potentially influenced by one or more of the 
many well-studied mechanisms that control polar differentiation 
and the cell cycle in Alphaproteobacteria. For example, disruption 
or overexpression of CcrM, CpdRl, DivJ, DivK, PdhSl, PleC, or 
PodJ produces bulging, branching, and other cell shape and integ- 
rity defects in Brucella abortus, S. meliloti, or A. tumefaciens (43- 
48). Likewise, overexpression of the cell division protein MinCDE 
or FtsZ, or a partial deletion of MinCDE, generates swollen and 
branched cells in S. meliloti (49, 50). The similarity of the pheno- 
types during disruption of cell polarity, cell cycle, and cell growth 
proteins in numerous Rhizobiales may indicate a critical shared 
pathway that is sensitive to overexpression. 

The mechanisms governing the insertion of nascent PG strands 
into established PG are not yet understood for any type of cell 
growth. Lateral expansion of the PG likely involves localized PG 
remodeling to allow insertion of new glycan strands into the ex- 
isting PG mesh. However, because polar growth also involves a 
sustained expansion of the cell diameter, it may require consider- 
ably more PG synthesis and remodeling activity. Polar growth 
may represent a reversal of the highly regulated PG remodeling 
that occurs during cell division, where successively smaller rings of 
PG are generated at the septum (51-55). Since Atu0845 showed 



polar localization only during cell growth, additional LDTs are 
likely responsible for the PG synthesis and remodeling activities 
that lead to increased cell width. The results regarding subpolar 
PG synthesis imply that many aspects of polar growth in the Rhi- 
zobiales remain to be uncovered. 

MATERIALS AND METHODS 

Strains and growth conditions. Strains and plasmids used in this study 
are listed in Table S3 in the supplemental material. A. tumefaciens C58 
containing nopaline pTiC58 was transformed with the plasmids described 
and cultured at 28°C on LB media supplemented with appropriate anti- 
biotics. To obtain exponential growth, overnight cultures were diluted to 
~10 8 cells/ml in LB containing 10 mM IPTG (isopropyl-)3-D- 
thiogalactopyranoside) and antibiotics and then grown for 4 to 5 h at 28°C 
and 250 rpm prior to imaging. Note that fluorescent protein fusions were 
expressed at low levels from the pSRK-Km vector under these conditions 

(56) ; FtsZ-GFP expressed from this vector reaches only -10% of native 
levels (20), and here we estimate that FtsA-GFP reaches only -12.5% of 
native FtsA levels. 

Cloning and genomic deletions. Plasmids were constructed using 
standard protocols, and all clones were verified by DNA sequencing. 
Strain ATC107 with Apbp3b::npt was constructed through allelic ex- 
change by transforming wild-type C58 with pTC092, selecting for 
kanamycin-resistant clones, and then counterselecting for sucrose- 
resistant colonies using a protocol similar to that described by Kaniga et al. 

(57) . Deletion of pbp3b was confirmed by PCR and sequencing. 
Phylogenetic analyses. Phylogenetic trees of the PBP proteins were 

constructed by first gathering homologs to the£. coliK-12 PBP3 or PBP lb 
proteins within the desired species using Delta-BLAST (NCBI). Signifi- 
cant hits were roughly aligned using MAFFT (http://mafft.cbrc.jp/ 
alignment/software/), and the PBP2/3 or PBPla/b/c clusters were selected 
for a full alignment in MAFFT. LDT homologs were gathered on the basis 
of the ykud Pfam domain (http://pfam.sanger.ac.uk) and then aligned 
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using MAFFT. Columns containing more than 75% gaps were removed 
using trimAl (http://trimal.cgenomics.org). PhyML (http://www.atgc 
-montpellier.fr/phyml/) was used to calculate maximum-likelihood trees, 
using aLRT SH-like estimates of branch support. Trees were visualized 
using Archaeopteryx (version 0.9813; Christian Zmasek, Sanford- 
Burnham Medical Research Institute [http://www.phyloxml.org]) and 
Adobe Illustrator CS6 (Adobe Systems). 

Fluorescence labeling. All centrifugations of cells were conducted for 
5 min at 8,000 X g, and all manipulations were performed at room tem- 
perature unless otherwise noted. Cells were labeled with FM4-64 (Life 
Technologies) immediately prior to imaging by adding 8 mg/ml of 
FM4-64 to ~5 X 10 s cells/ml in growth media and incubating for 10 min. 
Cells were centrifuged, and the supernatant was used to adjust to a final 
concentration prior to imaging. BocillinFL (Life Technologies) was added 
at a concentration of 167 fig/ ml to cultures concentrated to ~10 9 cells/ml 
in LB. Cells were incubated at 28°C and 250 rpm for 10 min, pelleted, and 
washed twice with phosphate-buffered saline (PBS) (pH 7.4) and then 
labeled with FM4-64 as described. 

Alkyne-D-alanine labeling was conducted essentially as previously de- 
scribed (34). In brief, (R)-a-propargylglycine (AlkDala; Fisher Scientific) 
was added to a final concentration of 1 mM to growing cultures of ~4 X 
10 s cells/ml and allowed to incorporate during 20 min of exponential 
growth. Cells were pelleted and washed once with pH 7.4 PBS-0.01% 
bovine serum albumin (BSA) (PBSB) and then fixed in ice-cold 70% 
ethanol for 20 min. After three additional washes, cells were incubated for 
30 min in PBSB containing 1 mM copper sulfate, 128 /xM Tris [( 1 -benzyl - 
lH-l,2,3-triazol-4-yl) methyl] amine (TBTA; Sigma-Aldrich), 1.3 mM 
copper sulfate, and 20 fxM tetramethylrhodamine azide (TAMRA; Life 
Technologies). Cells were washed five times in PBSB prior to imaging. 

For combined alkDala and Texas red succinimidyl ester (TRSE) label- 
ing, cells were first concentrated to ~8 X 10 9 cells/ml in pH 8.5 PBS 
containing -70 /u-g/ml TRSE (Life Technologies). After a 10-minute incu- 
bation, the reaction was quenched by addition of lysine to reach a concen- 
tration of 57 mM. Cells were washed once with LB and then resuspended 
to -1.2 X 10 9 cells/ml with 1 mM alkDala. After 20 min of incubation at 
28°C and 250 rpm, cells were washed three times with PBSB and fixed for 
15 min in 2% formaldehyde. The remaining protocol was performed as 
described above except that Alexa Fluor 488 azide was used instead of 
TAMRA. 

For combined vancomycin-FL and TRSE labeling, cells were resus- 
pended to 4 X 10 s cells/ml in LB and grown for 45 min following TRSE 
labeling. The culture was then concentrated to -10 10 cells/ml in LB, and 
vancomycin-BODIPY FL (Life Technologies) and unlabeled vancomycin 
were each added to reach a concentration of 10 ng//j,l. Cells were incu- 
bated for 6 min and then washed twice prior to imaging. 

Microscopy and data analysis. Slides were prepared by first covering a 
microscope slide with a thin (~340-/um-thick) layer of 1.5% agarose-PBS 
(pH 7.4). Once solidified, the agarose was trimmed to the size of a cover- 
slip. Cells were resuspended at a final concentration of ~3 X 10 9 cells/ml, 
and then 2 jid was placed on top of each agarose pad, covered with a 
coverslip, and sealed with nail polish. Images were taken with an Applied 
Precision DeltaVision Elite deconvolution microscope and processed us- 
ing Fiji/ImageJ (version 1.48; http://fiji.sc). Demographs were con- 
structed by first measuring fluorescence intensity profiles in Fiji and then 
processing the data in R (version 3.0.2; R Foundation for Statistical Com- 
puting [http://www.r-project.org] ) using a custom script designed to sort 
cells by length and normalize intensity profiles by each cell's average flu- 
orescence. The script and a user guide are available at http://github.com/ 
ta-cameron/Cell- Profiles. Demographs and all other plotted figures were 
generated in R using the ggplot2 package (version 0.9.3.1; Hadley Wick- 
ham, Department of Statistics, Rice University [http://ggplot2.org] ). 

Whole-cell TEM. Exponentially growing cultures were concentrated 
to ~8 X 10 9 cells/ml. Droplets of cell suspension were placed on Formvar- 
coated 200-mesh copper grids for 2 min. The grids were washed twenty 
times by passing them through drops of double-distilled water on para- 



film. Excess water was wicked from the grids using filter paper. Grids were 
incubated with 5 jul of 0.5% uranyl acetate in water for 30 s; excess liquid 
was then wicked away using filter paper. Grids were air dried and sub- 
jected to electron microscopy using a Philips/Tecnai 12 TEM. 

Homology searches. E. coli and C. crescentus cell growth and division 
protein sequences were used to search the A. tumefaciens genome with 
Delta-BLAST (NCBI) using a significance threshold of 0.05. Unambigu- 
ous hits with full-length alignments and good scores (greater than 80) 
were considered positive matches. In all other cases, Pfam was used to 
verify shared domain architectures between the query and top-scoring 
hits. In cases with multiple hits scoring similarly, all of the top hits sharing 
similar scores and domain architectures were included. Low-scoring and 
anomalous hits were considered low-confidence matches and marked as 
noted. 
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